(CBF) so that rates of influx and efflux can be cal culated. The demonstration of net influx of a partic ular substrate leaves open the question of its meta bolic fate, which has to be studied in other ways (one way being the use of radioactive isotopes, which will be discussed below).
Studies that include data on arteriovenous ex traction of substrates by the developing brain of sev eral species (man, baboon, dog, cow, sheep, and rat) are listed in Table 1 . In many of the studies, subjects were anaesthetized and the type of anaesthetic used is indicated. Also indicated is whether or not CBF was determined.
Humans
The two earliest studies that demonstrated most clearly the ability of the brains of newborns and infants to use substrates other than glucose were those by Persson et ai. (1972) and Kraus et ai. (1974) . Both studies showed that the ketone bodies, acetoacetate and D-3-hydroxybutyrate, were taken up by the brain in addition to glucose, even though the extent of ketonaemia was modest. For example, in newborns, after a fasting period of about 6 h av erage arterial concentrations for acetoacetate of 0.10 roM and of D-3-hydroxybutyrate of 0.16 roM were found with an arteriovenous difference (A -V) of 0.04 roM for each substrate. The comparable values for glucose were 4.56 roM and 0.42 roM. The latter value was after a correction for the net output of lactate plus pyruvate from the brain to venous blood. The measured oxygen uptake agreed closely with the calculated oxygen equivalents for the com plete oxidation of all three substrates (Kraus et aI., 1974) . Similar data were obtained in infants ranging from 1 to 7 months in age and fasted for about 9 h. However, a significant difference between the new born and infant groups was found for the extraction coefficients of the ketone bodies. The value in the newborns was greater than in the infants, and both values were more than four times the value obtained in adults by Gottstein et al. (1971) .
Although the contribution of ketone bodies only amounted to about 10% of the total substrate uptake in either of these two age groups, this was not the upper limit. In a group of infants with low food in- Dahlquist (1976) take for several days, the mean arterial concentra tions were 0.3 mM for acetoacetate and 0.84 mM for 3-hydroxybutyrate. The arteriovenous differ ences were correspondingly higher and ketone bod ies could account for about 30% of the total ce rebral oxygen consumption (Kraus et aI., 1974) . This level of contribution approaches that described in the first report on ketone body utilization by the human brain, in which studies were made on obese adults undergoing prolonged periods of fasting (Owen et aI., 1967) . It may be noted that in these particular adults the arterial concentrations of ketone bodies were much higher than in the infants. Saudubray et ai. (1981) found that during short periods of fasting, up to 24 h, there is a significant negative correlation between age (newborn to adult) and ketonaemia. At any age the uptake of ketone bodies by the brain appears to be proportional to the arterial concentration. The extraction coefficient for acetoacetate is greater than for D-3-hydroxy butyrate, but since the arterial concentration of 3-hydroxybutyrate is usually two to three times higher than that of acetoacetate, both substrates can be quantitatively important during ketonaemia.
In another study, by Settergren et ai. (1976) , in infants and children under general anaesthesia CBF was included in the parameters determined. The av erage CBF in infants was 69 ml 100 g-I min-I. Arte rial concentrations of glucose, lactate, acetoacetate, and 3-hydroxybutyrate were very similar to those reported for infants by Kraus et al. (1974) and the arteriovenous difference values for each substrate were also similar in the two studies. Rates of cere bral exchange could be calculated using the CBF measurements, and some of the data are shown in Table 2 . As pointed out by the authors, the cerebral metabolic rate for oxygen (CMR02) value was low in relation to the uptake of glucose and ketone bodies if it is assumed that these substrates are completely oxidized. The observed CMR02 value was 104 /Lmol 100 g-I min-I compared with a calculated value of 152 /Lmol 100 g-I min-I, after allowing for the release of lactate plus pyruvate. This discrep ancy is rather more than the amount of material re quired for brain growth since, in glucose equiva lents, it would represent 2.1 g/100 g brain/day.
In a study by Mehta et ai. (1977) of awake infants, a CMR02 value of 258 /Lmol 100 g-I min-I was found. Glucose consumption was 66 /Lmol 100 g-I min-I, but the discrepancy between CMR02 and glucose consumption could be accounted for by a net output from brain of lactate and pyruvate, which in glucose equivalents was 23 /Lmol 100 g-I min-I. The average CBF value for the group of awake normal infants in this study was 90 ml 100 g-I min-I (Table 2) .
Possible age-dependent variations in the rates of CBF and substrate utilization were assessed by Settergren et ai. (1980) based on data obtained in anaesthetized children ranging in age from 3 weeks to 14 years. Neither CBF nor the cerebral exchange of oxygen, glucose, lactate, pyruvate, and ketone bodies showed a significant correlation with age. The average rate of glucose utilization, allowing for net loss of lactate plus pyruvate, was 24.8 /Lmol 100 g-I min-I, while the rate of ketone body util ization was 4.6 /Lmol 100 g-I min-I.
From the summary of the values for the rates of Dahlquist and Persson (1976) terebral metabolism given in Table 2 , it would ap pear that the rate of oxidative metabolism in chil dren in a state of anaesthesia is just over half the rate observed in awake children.
Baboons
Cerebral energy metabolism in fasting-stressed neonatal and infant baboons was studied by Levitsky et al. (1977) . In the newborn animals, the mean plasma glucose concentration was 2.9 mM, and uptake of glucose by brain accounted for only 50% or less of the cerebral oxygen consumption. Plasma concentrations of ketone bodies remained very low but lactate was between 2 to 3 mM and arteriovenous difference measurements showed a net uptake of lactate by brain.
When neonates were sustained by the infusion of dextrose and saline over a further 48-h period, they remained hypoglycemic but arterial ketone body concentrations increased steadily. This was paral leled by uptake of ketone bodies by the brain. When the animals were even older, either 6 weeks or 12 weeks of age, and fasted overnight they showed a fairly pronounced ketonaemia. Ketone bodies be came the major cerebral fuel, contributing between 55 and 80% of the total; glucose made up the bal ance. At this age, lactate was no longer one of the substrates used and there was always a net output from the brain ( Table 2) .
Dogs
There have been several studies on cerebral sub strate utilization in newborn puppies determined by arteriovenous difference measurements (Table 1) . There seems to be general agreement that ketone bodies are never an important substrate for the brain. Even in puppies fasted for 2 days, the arterial concentrations of acetoacetate and 3-hydroxybu tyrate remained under 0.1 mM (Weng et aI., 1973) , and cerebral arteriovenous differences in either fed or fasted puppies have been found to be com parably low (Spitzer and Weng, 1972; Weng et aI., 1973; Gregoire et aI., 1978; Hernandez et aI., 1980) . The values reported for the rate of glucose utili zation have varied greatly among different authors. In all studies, animals were anaesthetized. Gregoire et al. (1978) found a mean CBF of 48 ml 100 g-l min-l and a cerebral metabolic rate for glucose (CMRg1u) of 20 /Lmol 100 g-l min-1 in fed puppies (Table 2 ). Glucose cerebral extraction was higher in the studies of Weng et al. (1973) and lower in those of Hernandez et al. (1980) .
The influence of insulin-induced hypoglycemia on CBF and metabolic rate in newborn puppies was studied by Hernandez et al. (1980) . Mean values for CBF were the same in hypoglycemic animals as in normoglycemic animals at 26 ml 100 g-l min-I. In one group of puppies, a marked rise in blood lactate (mean concentration, 5.6 mM) was associated with the hypoglycemia. Arteriovenous difference mea surements showed that there was a net uptake of lactate by brain, which equaled in glucose equiva lents the amount of glucose taken up. CMR02 was no different from normoglycemic controls, and was almost sufficient to account for a complete oxida tion of the glucose plus lactate taken up by the brain. A similar trend was seen in a second group of profoundly hypoglycemic puppies, in which the arterial concentrations of glucose were below 0.3 mM and the average blood lactate was 2.4 mM. There are two particular features of these data worthy of further comment. First, there is the evi dence that lactate can become an important oxidiz able substrate for the brain of the newborn. Second, the data imply a marked increase in the extraction coefficient (net uptake/plasma concentration ratio) for both glucose and lactate under hypoglycemic conditions. A similar trend for glucose extraction was observed by Weng et al. (1973) . In a subsequent investigation, the changes in ex traction coefficients for glucose and lactate were examined in more detail (Hellmann et aI., 1982) . Four different situations were induced, i.e., com putations of glycemia and lactatemia. Results con firmed that in hypoglycemia and normolactatemia the extraction coefficient of glucose was higher than in normoglycemia. The extraction of lactate also appeared to be influenced by the glycemic situation. Interestingly, under normal conditions there was no net uptake of lactate, but when blood glucose con centrations fell there was a net extraction of lactate by brain even though blood lactate concentration had not changed (Table 3) . When blood lactate was manipulated by infusion of lactate, it could be shown that for a given arterial concentration, the arteriovenous difference across the brain was sig nificantly greater in hypoglycemic rats, compared with the normoglycemic animals. The difference between the two groups was at least threefold.
Cows
Cerebral oxidative metabolism in the newborn calf has been studied in association with the effects of hypoglycemia (Gardiner, 1980a) and hypoxia (Gardiner, 1980b) .
The mean values in unrestrained, unanaesthe- Data are from Hellmann et al. (1982) .
tized normoglycemic calves are given in Table 2 . A small net output of pyruvate was observed. Blood concentrations of ketone bodies were very low and these substrates did not make a significant contribu tion to brain metabolism.
As the animals became more hypoglycemic the extraction coefficient for glucose, as defined above, increased markedly. Profound hypoglycemia was associated with a rise in blood lactate and there was a substantial net uptake of lactate by the brain. CMR02 was rather higher than would be required for the complete oxidation of the glucose plus lac tate taken up, but ketone bodies remained at low concentrations and still made no contribution. Since blood flow and CMR02 were unchanged from nor moglycemic conditions, it would appear that lactate had become an acceptable oxidizable substrate for the brain, and its contribution in glucose equiva lents was half that of glucose itself (Gardiner, 1980a) .
In a subsequent study on cerebral metabolism in newborn calves (Gardiner, 1980b) considerably higher values were reported for CBF (70 ml 100 g-l min-I) and for CMR02 (148 /Lmol 100 g-l min-I) in conscious animals. Sodium pentobarbitone anaesthesia was then found to reduce both values by about 30%, and CMRg!u in these anaesthetised animals was 14 /Lmol 100 g-l min-I.
Sheep
A comparative study of cerebral metabolism in the unanaesthetised foetus, lamb, and adult sheep was made by Jones et al. (1975) . Cerebral ar teriovenous differences were determined for oxy gen, glucose, lactate, pyruvate, acetoacetate, and 3-hydroxybutyrate. At all ages, the only substrate taken up in significant quantity was glucose. There was a small output of lactate in adult and of pyru vate in the foetus. The glucose/oxygen quotient, 6 x (A -V) glucose/(A -V) oxygen, was close to 1.0 in all age groups. CBF was not measured, but Gar diner (1980b) obtained a rate of 71 ml 100 g-l min-1
in newborn conscious lambs, This was reduced to 52 ml 100 g-l min-1 during pentobarbital anaes thesia. Arteriovenous differences for oxygen and glucose showed no significant difference between the conscious and anaesthetised state, and the values obtained by Gardiner (1980b) and by Jones et al. (1975) were in close agreement. In conscious ani mals, CMR02 was 174 /Lmol 100 g-I min-1 and CMRg!u was 31 /Lmol 100 g-l min-I (Table 2) .
Evidence for a net cerebral uptake of lactate by foetuses was obtained by Thiringer et al. (1982) during a recovery period, when blood lactate con centrations were high, following an hypoxic episode. The amount of uptake was variable and relatively small.
Rats
Hawkins et al. (1971) measured arterial and ve nous metabolites across the brains of suckling rats and demonstrated a high uptake of ketone bodies in both fed and starved animals. In most animals, ar teriovenous differences of 3-hydroxybutyrate plus acetoacetate were comparable to or greater than the values for glucose. Well-nourished suckling rats are normally ketonaemic, with blood values between 1 and 2 mM. The uptake of either ketone body by brain was shown to be linearly related to the blood concentration. Extraction of acetoacetate was twice that of 3-hydroxybutyrate for a given blood con centration. In all animals, there was a significant output of lactate and pyruvate from brain to blood. Similar results were obtained by Dahlquist and Persson (1976) , except that in these animals, which were 20 days old, the influence of starvation on ketonaemia was greater than had been observed by Hawkins et al. (1971) . CBF was measured: the rate in anaesthetized infant rats was 48 ml 100 g-l min-1 and in adult rats it was 62 ml 100 g-l min-I, although the difference between the two age groups was not statistically significant. In infant rats, the measured oxygen uptake was considerably less than would be required for complete oxidation of the substrates extracted, whereas this was not so in adult rats, When the arteriovenous difference values for 20-day-old rats starved for 48 h obtained by Dahlquist and Persson (1976) are compared with values ob tained by Hawkins et al. (1971) for 22 day-old rats starved for 16 h, the notable difference between the two studies is the total amount of substrate taken up by the brain. Extraction values for glucose and 3-hydroxybutyrate found by Hawkins et al. were about 50% lower.
Metabolic rates found by Dahlquist and Persson (1976) were CMR02 of 94.3 /Lmol 100 g�l min�I, CMRglu of 37 /Lmol 100 g�l min�l (before allowing for a net output of lactate of 6 /Lmol 100 g�l min�l), CMR for 3-hydroxybutyrate of 12 /Lmol 100 g�l min�l and CMR for acetoacetate of 4 /Lmol 100 g�l min�l. Ketone bodies made a significant contribu tion, about 30%, to total substrate utilization (Ta ble 2).
TRANSPORT OF SUBSTRATES BETWEEN BLOOD AND BRAIN
From the results of cerebral arteriovenous differ ence measurements made in the young of several species, it is apparent that glucose, lactate, acetoacetate and 3-hydroxybutyrate can each be used in substantial quantities by the developing brain as oxidizable substrates. This means that each is able to enter the brain from blood at quite high rates and it becomes of interest to consider how they do so.
In the adult brain, it is well recognized that entry of proteins and many small-molecular-weight hy drophilic solutes from blood is restricted. This is al most certainly due to the physical barrier made by the zona occludens, or tight junctions between ad jacent capillary endothelial cells (Reese and Kar novsky, 1967; Brightman and Reese, 1969) . Nev ertheless, glucose, although a polar solute, obvi ously overcomes this barrier and enters brain at rates greater than could be achieved by passive diffusion through the plasma membranes of endo thelial cells.
An explanation for this high rate of glucose entry was put forward by Crone (1965) who introduced the concept of a carrier-mediated transport mecha nism that facilitates the passage of glucose across the blood -brain barrier. The basis for this sugges tion was the finding that in the anaesthetized dog, the extraction of labeled glucose during a single pass through the brain varied with the concentration of labeled glucose in the blood. The demonstration of this deviation from Fick's law of diffusion and evidence of saturation kinetics has been corrobo rated many times since, both in other animal species and by the application of different techniques (for review, see Lund-Andersen, 1979) .
Characteristics of this process, such as saturabil ity, stereospecificity, and competition between similar molecules are analogous to those of enzymic reactions. Based on this analogy, it has become customary to describe the kinetic properties of the saturable component of transport in terms of the Michaelis-Menten equation. The total unidirec tional flux, Vtot a !. has characteristics that are essen tially compatible with a model for two components of diffusion, one saturable and the other nonsatura ble. Applying the Michaelis-Menten equation to the saturable component Vo gives
where S is the concentration of glucose (or any sol ute) at the capillary interface. The non saturable component is equal to Kd[S] , where Kd is a constant of free diffusion. A combination of the terms gives
(The two-component model is the simplest that can account for the data and will be used in this review. More complex models may also be applicable. Gjedde (1981) has described the unidirectional in flux of glucose into the anaesthethized adult rat brain in terms of a three-component model, which includes a high-affinity -low-capacity system and a low-affinity-high-capacity system with a small, nonspecific diffusion component.) The entry of lactate into the adult brain has been studied by several groups. In an early report by Crone and Sorensen (1970) on dogs, no detectable uptake of either D-or L-lactate was found, but later studies, both in dogs (Nemoto et aI., 1974) and in rats (Oldendorf, 1972 (Oldendorf, , 1973 Gjedde et aI., 1975; Oldendorf et aI., 1979) have shown that lactate can enter the brain. The characteristics of uptake are typical of a carrier-mediated, facilitated diffusion. However, the rate of lactate entry into the adult brain seems to be low; on an equimolar basis pyru vate enters about three times as fast (Oldendorf, 1973) .
The kinetic properties of unidirectional uptake by brain of acetoacetate and of D-3-hydroxybutyrate were determined by Gjedde and Crone (1975) in adult rats. Both substrates were taken up, acetoacetate about 1.4 times faster than 3-hydroxybutyrate, but the extraction of both ketone bodies was quite low and similar to that of L-lactate. Of particular interest was the finding that the kinetic parameters of transport, Km and V max, were altered by starvation for several days; both were increased. Starvation did not change the kinetic constants for glucose transport.
Adapative changes during development
The arteriovenous difference data on substrate utilization by the developing brain showed that lac tate and the two ketone bodies could be extracted at rates comparable to those of glucose. This would imply that rates of diffusion between blood and brain were also comparable for the three classes of substrates. This difference from the adult situation could either be due to a modification in the carrier-mediated transport kinetic constants and/or a less restrictive physical barrier.
The barrier in the immature brain is commonly thought to be "leaky" and to allow indiscriminate entry of hydrophilic solutes and small proteins. This is probably true for the early foetal stage, but as the brain matures the "tightness" of the barrier rapidly increases. In sheep, which are relatively mature at birth, the rate of penetration of inulin and su crose from plasma to brain has declined to the adult value by a gestational age of 130 days (Evans et aI., 1974) . In the rat, the decline continues post natally and adult rates are reached at between 10 and 15 days of age (Ferguson and Woodbury, 1969) . Junctional complexes between endothelial cells can be seen even in primitive capillaries of the devel oping brain (Donahue and Pappas, 1961; Caley and Maxwell, 1970) . The physical barrier separating blood and brain is, therefore, an early phenomenon among developmental changes.
Several studies have focused on the kinetics of substrate transport during brain development. Entry of [14C]glucose to brain from blood was de termined in newborn, infant, and adult rats by Moore et ai. (1971) . In newborn rats, entry of Dglucose was many times greater than entry of man nitol, indicating a facilitated diffusion. However, the rate was only one-fifth that of the adult. By 15 days of age, entry rates of glucose were about one-third the adult value. These findings were cor roborated by later studies (Moore et aI., 1976; Cre mer et aI., 1976; Daniel et aI., 1978) . Estimated ki netic constants, Km and V max, for glucose transport in anaesthetized infant and adult rats are given in Table 4 .
In contrast to the findings on the low capacity of the glucose transport system in the brain of young rats, lactate transport was shown to be many times greater than in the adult (Cremer et aI., 1976) . The rate of unidirectional lactate influx started to de cline shortly after weaning (at 21 days) and con tinued to do so over the next few weeks to reach the low adult value mentioned previously. In the suck ling rat, influx of D-Iactate was less than half that of L-Iactate. There was also evidence of competition for transport between L-Iactate and D-3-hydroxy butyrate (Cremer et aI., 1976) .
In a subsequent, more detailed study, kinetic constants were determined for L-Iactate influx and also for pyruvate in infant and weanling rats (Cre mer et aI., 1979). Data from that study are given in Table 4 . Computation of rates using the kinetic con stants show a lO-fold difference between suckling and adult rats in the total rates of influx of lactate and pyruvate at a plasma concentration of 5 mM for either substrate. This difference is mostly ac counted for by the higher capacity of the carrier mediated transport system, but there also appears to be a higher rate of nonsaturable diffusion in the younger animals. The same trend was seen in the nonsaturable component of glucose transport (Table 4) , so the "barrier" against polar solutes may be somewhat less effective in the developing brain. There is this note of uncertainty because it Cremer et al. (1979 Cremer et al. ( , 1982 , except those marked with an asterisk, which are from Gjedde and Crone (1975) .
seems likely that describing processes of substrate transport in terms of kinetic constants for enzyme catalyzed reactions will only approximate actual events. In spite of this caution, it is still helpful for com parative purposes to obtain quantitative informa tion. This has been done by several groups for cere bral transport of 0-3-hydroxybutyrate in rats of different ages (Moore et aI., 1976; Cremer et aI., 1976 Cremer et aI., , 1981 Cremer et aI., , 1982 Daniel et aI., 1977) . A different technique was used by each of the groups but the conclusions reached were identical. These were that the capacity for unidirectional influx rose after birth to reach a maximum at around 18 days of age, when it was about seven times greater than the ca pacity in fed adults. There was then a rapid decline during the 2 weeks after weaning, followed by a more gradual decline. Influx showed stereospec ificity, the rate for the o-isomer being about twice that for the L-isomer (Moore et aI., 1976; Daniel et aI., 1977) .
Although the high rate of entry of 0-3-hydroxy butyrate into the brains of suckling rats and the stereoselectivity for this isomer are evidence for entry by a carrier-mediated, facilitated diffusion process, Daniel et aI. (1977) failed to demonstrate saturation of uptake. In a study in which saturation was tested by using high concentrations of 0-( -)-3-hydroxybutyrate rather than a oL-racemic mix ture, saturation could be demonstrated (Cremer et aI., 1982) . Estimates of the kinetic parameters are shown in Table 4 . In the same study, influx of 0-3-hydroxybutyrate was shown to be particularly sen sitive to inhibition by 3-oxo-3-methylbutanoate (Kj, 0.17 mM) and 2-oxo-4-methylpentanoate (Kb 1.03 mM). Influx had previously been shown to be reduced by L-Iactate (Cremer et aI., 1976) . These findings have two implications. First, they provide further confirmation of a carrier-dependent process. Second, they imply that the carrier is shared by 3-hydroxybutyrate and lactate and possibly by other monocarboxylic acids. In support of the latter is the similarity in the V max value for the transport of 0-3-hydroxybutyrate, L-Iactate, and pyruvate in 21-day-old rats (Table 4) . Also, the decline in up take with age was the same for all three substrates (Cremer et aI., 1976 (Cremer et aI., , 1979 . In adult rats, sharing of a common carrier by several monocarboxylic acids, including lactate and pyruvate, was shown by Old endorf (1973) , and starvation for several days in creased L-Iactate influx (Cremer et aI., 1976) as well as 3-hydroxybutyrate influx (Gjedde and Crone, 1975; Daniel et aI., 1977) .
The role of transport carriers in cerebral metabolism
The question of whether or not the rate of trans port of glucose across the blood -brain barrier has a direct regulatory role on the net rate of utilization has been considered by several authors (see Lund-Andersen, 1979) . Studies in adult rats have shown that in the brain of normal, fed individuals, the rate of unidirectional influx of glucose is about twice the rate of glucose utilization (Cremer et aI., 1981) . This excess of influx over utilization main tains brain glucose concentrations at about one quarter of the plasma value, e.g., 2.5 p,mol g-I at a plasma concentration of 10 p,mol ml-I. The first en zyme in the metabolism of glucose, hexokinase, has a Km for glucose of 0.04 mM and V max of about 20 p,mol g-I min-I, so that under normal circumstances, the concentration of brain glucose is far from limit ing glycolysis. In fact, under these conditions, the main unknown is what suppresses the activity of hexokinase.
An increase in the rate of glycolysis and/or hypoglycaemia could bring the rate of glucose influx close to the rate of metabolism. In such situations, transport of glucose may limit the rate at which it can be metabolized.
Recent findings have indicated that the V max for glucose transport can vary within an individual brain region. For example, during hypoglycaemia (Abdul-Rahman and Seisjo, 1980) or stimulated nervous activity (Cremer et aI., 1981) rates of glu cose influx were several times greater than values computed from kinetic constants obtained in rats anaesthetized with sodium pentobarbital. The higher rates can possibly be explained by capillary recruitment, a topic under current investigation. The variable nature of the transport constant does not invalidate the conclusions reached about adap tation of the different classes of transport carriers during brain development. The constants for all substrates given in Table 4 were derived from data obtained in sodium pentobarbital-anaesthetised rats. It is likely, however, that the V max values are higher in conscious animals.
The arteriovenous differences determined by Hawkins et al. (1971) were obtained in anaesthe tized rats. A comparison between computed rates of total influx for 0-3-hydroxybutyrate and mea-sured rates of utilization in 21-day-old rats showed close agreement (Fig. 1) . This indicates that trans port is a major determinant of the rate at which ketone bodies are metabolized. A similar compari son for adult rats shows that the lower transport ca pacity contributes to the lower rate of metabolism.
There is virtually no information on adaptive changes in the kinetic characteristics of the trans port carriers between blood and brain during post natal development in those species listed in the first section other than for the rat. However, the trends in the relative extractions determined by ar teriovenous differences showing high rates for ketone body utilization in human and baboon neo nates and infants, and the high rates of lactate ex traction in newborn baboons, puppies, and calves are consistent with the transport carrier modifica tions with age found in the rat.
BRAIN ENZYMES FOR SUBSTRATE METABOLISM
Detailing the changes with age in the activities of all the enzymes that are involved in the oxidative metabolism of energy yielding substrates is beyond the scope of this review. Remarks will be confined to a few key enzymes in the metabolic pathways for glucose and ketone bodies. Transport represents total influx computed from kinetic con stants reported by and Gjedde and Crone (1975) . Metabolism represents net influx estimated from the data of Hawkins et al. (1971) using a CBF value of 58 ml 100 g-1 min-1.
enzymes in three areas of neocortex. Two observa tions selected from this study are that the activity of lactate dehydrogenase is already high at birth, whereas succinate dehydrogenase, an enzyme of the tricarboxylic acid cycle, is low in the newborn and increases quite steeply during the first 12 months postnatally.
Rats
The kinetic characteristics of the enzymes in the adult brain involved in the pathways of glu cose metabolism have been tabulated in detail by Balazs (1970) . Developmental changes for many of the enzymes have been described by Baquer et aI. (1975) and by Booth et aI. (1980) , who compared changes in the rat, born neurologically immature, with those of the guinea pig, which is neurologically mature at birth.
The only enzyme that will be discussed here is pyruvate dehydrogenase, since it plays a crucial role in linking the product of glycolysis, pyruvate, with oxidative metabolism via acetyl-CoA forma tion and the tricarboxylic acid cycle.
Changes in activity of pyruvate dehydrogenase in rat brain from birth to adulthood have been deter mined in several studies (Cremer and Teal, 1974; Wilbur and Patel, 1974; Stumpf and Kraus, 1979; Booth et aI., 1980) . Activity is very low during the first week, then rises rapidly between 10 and 30 days of age and is highest in the adult. The differ ence between the activities in the newborn and adult is about 10-fold with V max values of 0.2 and 2.0 /Lmol g-l min-t, respectively, for the activated form of the enzyme (Cremer and Teal, 1974; Booth et aI., 1980) . A consistent finding of arteriovenous difference measurements in suckling rats has been net output of lactate from brain to blood whenever ketone bodies were metabolized by the brain (Hawkins et aI., 1971; Dahlquist and Persson, 1976) . This implies that more pyruvate is formed from glucose than can be oxidized, and that the excess is reduced to lacta t e by lactate dehydrogenase and leaves the brain. A CMRglu of 0.37 /Lmol g-l min-1 was found by Dahl quist and , which is equivalent to 0.74 /Lmol g-l min-1 of pyruvate formation. The activity of pyruvate dehydrogenase in the brains of suckling rats would appear to be sufficient to oxidize all the pyruvate formed from glucose, but clearly it does not do so. When both glucose and ketone bodies are oxidatively metabolized, acetyl CoA will be formed by the two mitochondrial en- zymes, pyruvate dehydrogenase and acetoacetyl CoA thiolase (Fig. 2) . Some regulatory process, as yet not fully understood, results in a partial inacti vation of pyruvate dehydrogenase. It may be noted that in all species, A V differences have shown a net output of lactate when ketone bodies are metabo lized. This occurs both in infants and adults, but when only glucose is used, there is no net output of lactate.
Enzymes of ketone body metabolism
Since evidence has been given that the brains of several species are capable of oxidizing ketone bodies during development, those enzymes thought to be involved will be considered. The reactions and enzymes catalyzing them are shown in Fig. 2 .
Humans
Changes during development in the activities of enzymes 1, 2, and 3 of the metabolic scheme given in Fig. 2 were measured in human brain by Page and Williamson (1971) in samples obtained at ne cropsy. All three enzymes were present in foetal brain. Between birth and adulthood, there was a modest increase in the activity of each enzyme. The V max values of the enzymes and the changes with age would appear not to correlate with the cerebral extraction coefficients observed by Kraus et ai. (1974) from arteriovenous differences (new born > infants > adult). Extraction data would be better explained by a decrease with age in the capacity of the transport carrier.
Dogs and cows
In a detailed study on the properties of succinyl CoA:3-oxoacid-CoA-transferase (enzyme 2 in Fig.  2 ), Tildon and Sevdalian (1972) reported no detect able activity in dog or calf brain. Although from the scheme outlined in Fig. 2 there would appear to be an alternative route for the formation of aceto acetyl-CoA, the enzyme involved, acetoacetyl-CoA synthetase, is non-mitochondrial. Acetoacetyl CoA cannot pass readily through the mitochondrial membrane and the non-mitochondrial route of its formation is thought to be important in lipid syn thesis (Williamson and Buckley, 1973; Cremer et aI., 1975) rather than in oxidation via the tricar boxylic acid cycle.
The negligible activity of one of the key enzymes in the oxidative metabolism of ketone bodies cor relates with the very low levels of net extraction observed in arteriovenous difference measurements in newborn puppies (Weng et aI., 1973; Gregoire et aI., 1978; Hernandez et aI., 1980) and calves (Gar diner, 1980a) . Blood concentrations of ketone bodies are consistently low in these two species, so that all available evidence is against these sub strates being quantitative!y useful to their brains.
Sheep
The activities of enzymes 2 and 3 in Fig. 2 were found to be low in adult ovine brain by William son et ai. (1971) . Following a 4-day period of star vation, enzyme 2 was found to be even lower in activity than in fed adult ewes (Varnam et aI., 1978) . This paradoxical finding makes it unlikely that ketone bodies are quantitatively important sources of energy for the brain of sheep even though fasting causes ketonaemia (Varnam et aI., 1978) .
Rats
Several studies have followd the changes with age in the activities of enzymes 1, 2, and 3 in the scheme of Fig. 2 . the general pattern of a steep increase between 10 and 20 days postnatally fol lowed by an almost equally steep decline after weaning was first shown by Klee and Sokoloff (1967) for o-3-hydroxybutyrate dehydrogenase. Confirmation for this enzyme and demonstration of a similar pattern for 3-oxoacid-CoA-transferase was obtained by Page et ai. (1971) and for acetoacetyl CoA thiolase in brain mitochondria by Middleton (1973) .
Although a rapid increase in activity in brains of rats between 10 and 20 days of age is common to many enzymes, the decline following weaning is almost exclusive to the three enzymes of ketone body metabolism. The unusual age pattern changes for these enzymes are virtually identical to those found for the monocarboxylate transport carrier (Cremer et aI., 1976) (Table 4) . It seems of interest to consider again the regulatory role of the transport process. The suggestion made above that the carrier was a major determinant of the rate at which ketone bodies were metabolized by the infant rat brain was based on the closeness of estimated rates of uni directional and net influx. On the basis of measured blood concentrations of o-3-hydroxybutyrate and acetoacetate in suckling rats and the V max and Krn values for the brain enzymes o-3-hydroxybutyrate dehydrogenase and acetoacetyl-CoA-transferase, Cremer and Heath (1974) argued that the capacity of the enzymes was several times greater than the ac tual rate through these enzymic steps in vivo. They suggested that entry of ketone bodies into brain was restricted, even in suckling rats, and that metabo lism was substrate-limited. Ruderman et a1. (1974) reached the same conclusion about the situation in adult rats.
RATES OF METABOLISM ESTIMATED FROM ISOTOPIC DATA
Although measurements of arteriovenous differ ences may be the least equivocal for showing the net flux of a substrate between the blood and brain, the method has limitations. Perhaps the most im portant is the lack of anatomical resolution. Proce dures introduced more recently using isotopically labeled substrates or their analogues, which allow local metabolic rates to be determined throughout the brain, have been discussed in detail by Sokoloff et aI., 1977; Sokoloff, 1981; Raichle, 1979; and Phelps et aI., 1979 .
Humans
Collated data on local metabolic values for CMROz and CMRg\u determined by positron emission com puted tomography in normal human subjects divided into age groups were reported by Kuhl et a1. (1982) . However, the youngest group had an average age of 19.8 years. A whole brain mean value for CMRg\u of 28 p,mol 100 g-l min-l was calculated for this group, but an individual region such as the frontal cortex had a CMRg\u of 38 p,mol 100 g-l min-I, thus illustrating the range of metabolic rates between structures. Comparable data for younger children and infants do not yet appear to be generally avail able. In a nonhuman primate, the Macaque mon key, regional differences in CMRg\u values were found to increase markedly between birth and pu bescence (Kato et aI., 1980) . It will be of interest to know the regional developmental changes in the human brain, particularly since capillary density in the human frontal cortex has been shown to increase for at least the first 4 years postnatally (Diemer, 1968) .
The ability of the early foetal human brain to oxidize completely t;) carbon dioxide both glucose J Cereb Blood Flow Metabol, Vol. 2, No.4, 1982 and 3-hydroxybutyrate was demonstrated by Adam et a1. (1975) using isotopically labeled substrates added to a perfusion medium. The two substrates were metabolized at similar rates, but part of the glucose metabolized left the brain as lactate.
Monkeys
In studies on focal motor seizures in newborn and pubescent monkeys (Macaca muiatta), Kato et a1. (1980) have reported values for glucose uti lization in more than 40 brain regions. In the con trol newborns (1 to 2 days old) rates in most brain regions were similar, approximately 30 p,mol 100 g-l min-I. In the older animals (2 to 3 years old) there was greater variation between regions. Among the highest were cortical areas and the cau date, with rates of 60 to 70 p,mol 100 g-l min-I. In some regions, such as the globus pallidus, the rate remained the same as in the newborns.
Dogs
The autoradiographic 2-[14C]deoxyglucose meth od has been applied to the brain of newborn pup pies by Gregoire et a1. (1981) and Duffy et a1. (1982) . Both studies showed a characteristic pattern of regional metabolism that was very different from that in adult brain.
In the normal newborn puppy, glucose utilization was high in brainstem nuclei and cerebellum but low in the cerebral cortex. Relative rates were brain stem nuclei > cerebellum > thalamus > caudate putamen > cerebral cortex. Values ranged from 30 p,mol 100 g-I min-l for the vestibular nucleus to 10 p,mol 100 g-I min-l for the parietal cortex.
Rats
Although the autoradiographic 2-[ 14C]deoxy glucose technique has been applied to the adult rat brain by many investigators, there are no pub lished reports on its use in infant rats.
Rates of utilization of glucose and ketone bodies in the whole brain of 18-day-old rats using com partmental analysis of isotopic data were deter mined by Cremer and Heath (1974) . Rates of whole brain glucose metabolism have also been deter mined by Miller and Corddry (1981) using [2_14C] glucose and 2-[3H]deoxyglucose, and a comparison was made between 10-and 20-day-old animals.
An essential criterion in the application of isotopic tracers to obtaining quantitative estimates of metabolic rate is either the complete retention of label in the metabolic product(s) or an accurate knowledge of the amount of label lost. In their studies in the infant rat, Cremer and Heath (1974) noted a large loss of label from the brain in products formed from 2-[14C]glucose. This was shown to be due to the rapid movement of lactate and pyruvate between the brain and blood. Not only was there a net loss of these metabolites from the brain, there was also a wash-out effect of label by the rapid ex change with unlabeled lactate and pyruvate entering brain from blood. This effect is consistent with the high transport capacity for lactate and pyruvate across the blood -brain barrier shown for suckling rats (Table 4) . It means that an accurate estimate of the rate of glucose utilization cannot be determined by use of labeled glucose in infant rats (Cremer, 1980) . This has been confirmed by Miller and Corddry (1981) , although in 10-day-old animals, loss of label was much less pronounced than in 20-day old animals. These investigators used the glucose analogue 2-[3H]deoxyglucose and estimated CMRglu values of 19 /Lmol 100 g-l min-1 for the 1O-day-old rat brain and 53 /Lmol 100 g-l min-1 for the 20-day old rat brain. Cremer and Heath (1974) measured the time course for incorporation of label from substrates entering the brain into intermediary metabolites, in cluding the amino acids. Results seemed to indicate that glucose, lactate, pyruvate, and ketone bodies labeled identical pools of tricarboxylate-cycle me tabolites. This finding supports the concept of alter native substrates for energy metabolism. Evidence that not all substrates entering the brain of infant rats are oxidatively metabolized in the same meta bolic pools has been discussed in detail elsewhere (Balazs and Cremer, 1973; Cremer, 1981) .
The estimated rates of oxidative metabolism of glucose and ketone bodies obtained by Cremer and Heath (1974) agreed very closely with rates calcu lated by Dahlquist and Persson (1976) from ar teriovenous differences, and confirm that ketone bodies can account for at least 30% of the total in suckling rats.
A diagrammatic representation of these data is given in Fig. 3 . The scheme allows for the flexibility shown by the infant brain in the substrates it can use. In the absence of ketone bodies in the blood there could be either no net movement of lactate between blood and brain or a net influx if blood glucose concentration was low.
In an autoradiographic study on ketone body utilization in the adult rat brain using 3-[ l-14C]hy droxybutyrate, Biebuyck (1979, 1980) showed that some regions had very limited labeling, notably the basal ganglia. Such regional differences were not found by Cremer (1980) in the 21-day-old rat brain. This probably emphasizes the important role of the blood -brain barrier transport process in young animals. et al. (1982) tabulated local metabolic rates of glucose utilization reported in the literature for the adult human, monkey, cat, and rat brain. Com parison with available data in infants would seem to indicate that the major change during maturation is the greater regional variation in the rate of glucose utilization. The change in the average value for the whole brain during postnatal development is rather modest.
CONCLUSIONS

Phelps
Another difference between metabolism in the brain of infants and adults, emphasized in this re view, is the greater ability of the developing brain to use blood-borne lactate and ketone bodies as alter native substrates to glucose. However, the extent to which alternative substrates can be used depends on the species.
In no studies has it been shown that glucose can be replaced completely by alternative substrates without harmful effects. When either newborn calves or puppies were made profoundly hypogly caemic with insulin (and although there was a sig nificant uptake of lactate by the brain), the animals were comatose; when arterial plasma concentra tions of glucose fell below 0.5 mM , the animals had spontaneous seizures (Gardiner, 1980a; Vannucci et al., 1981) .
In children and in infant baboons and rats, the brain would appear to tolerate without ill effect a replacement by ketone bodies of between one-third to one-half its normal glucose requirement.
